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Comoviruses are a group of plant viruses in the picornavirus superfamily. The type member of comoviruses, cowpea
mosaic virus (CPMV), was crystallized in the cubic space group I23, a 5 317 Å and the hexagonal space group P6122, a 5
451 Å, c 5 1038 Å. Structures of three closely similar nucleoprotein particles were determined in the cubic form. The roughly
300-Å capsid was similar to the picornavirus capsid displaying a pseudo T 5 3 (P 5 3) surface lattice. The three b-sandwich
domains adopt two orientations, one with the long axis radial and the other two with the long axes tangential in reference
to the capsid sphere. T 5 3 viruses display one or the other of these two orientations. The CPMV capsid was permeable to
cesium ions, leading to a disturbance of the b-annulus inside a channel-like structure, suggesting an ion channel. The
hexagonal crystal form diffracted X rays to 3 Å resolution, despite the large unit cell. The large (;200 Å) solvent channels
in the lattice allow exchange of CPMV cognate Fab fragments. As an initial step in the structure determination of the
CPMV/Fab complex, the P6122 crystal structure was solved by molecular replacement with the CPMV model determined in
the cubic cell. © 1999 Academic Press
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mINTRODUCTION
Simple RNA viruses provide accessible systems for
he study of protein assemblies, the organization of con-
ensed RNA, and in some cases details of protein–RNA
nteractions. Bean pod mottle virus (BPMV) was investi-
ated by crystallography nearly a decade ago and the
tructure provided the first example of viral RNA that
artially conformed to the symmetry of the icosahedral
apsid (Chen et al., 1989). BPMV is a member of the
omovirus family and it was anticipated that other mem-
ers of this group would provide additional insights for
irus assembly and the interactions between the capsid
nd the genome. Cowpea mosaic virus (CPMV), the type
ember of this family, was chosen for subsequent study
nd the multicomponent nature of the system was ex-
loited to investigate the effect of packaging RNA of
ifferent types on the capsid protein structure.
CPMV shows the properties displayed in Table 1.
enetically, they are related to the human picornaviruses
n the one hand, and the picorna-like insect viruses on
he other (Fig. 1A). CPMV is also closely related to to-
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20acco ringspot virus, a plant nepovirus. A detailed com-
arison of nepo- and comoviruses was presented by
handrasekar and Johnson (1998). Figure 1B illustrates
eatures of the CPMV system exploited for the study
escribed here. Most significant is the straightforward
anner of separating large quantities (tens of milli-
rams) of purified components from a high-capacity ce-
ium chloride (CsCl) gradient. Due to the historical de-
elopment of this study, three different high-resolution
tructures are presented in this report. The most com-
lete data were obtained from crystals formed by a
ixture of the middle (M) and bottom-upper (BU) compo-
ents purified from the CsCl gradient. These compo-
ents cocrystallized at the same ratio as they existed in
olution. Subsequently, highly conservative purification
rocedures were used to obtain homogeneous prepara-
ions of the M and bottom-lower (BL) components, which
ere crystallized separately.
The higher density of the BL component is the result of
s1 ions displacing polyamines associated with the RNA
Virudachalam et al., 1985). This property is not observed
n BPMV, as the capsid is not permeable to Cs1; conse-
uently, BPMV does not separate into BU and BL compo-
ents (Chen et al., 1990).
More recently, antigenic sites on the surface of CPMV
ere mapped with monoclonal antibodies raised to the
irus (Wang et al., 1992; Porta et al., 1994). The binding of
ab to CPMV was directly visualized by cryo electron
icroscopy and image reconstruction. The coordinatesf the structures reported here were used to map the Fab
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21COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTIONootprint at pseudoatomic resolution. These observa-
ions led to the investigation of a crystal form of CPMV
btained nearly 20 years ago but not solved because of
he large unit cell. The crystal form has the novel prop-
rty of readily exchanging macromolecules in large
hannels formed by virus particles in the lattice (Johnson
nd Harrington, 1985). In anticipation of using this prop-
rty to study interactions with the viral surface, we also
emonstrate in this report that the structure has been
olved to 6 Å by molecular replacement. It is now pos-
ible, in principle, to use the host-guest property of these
rystals to investigate antibody–virus interactions at 3.0
resolution. Only one other example of a virus–antibody
nteraction at near-atomic resolution has been reported
Smith et al., 1996).
RESULTS
ubic crystals
Three different types of crystals were grown from
PMV particles in the cubic space group I23, a 5 317 Å.
he form called MIX contained roughly equal molar
uantities of the middle (M) component and bottom-
pper (BU) component (Fig. 1B). This was verified by
nalyzing a dissolved crystal on a sucrose gradient. The
orm called M is composed exclusively of middle-com-
onent particles and the form called BL is composed of
he bottom-lower component (Fig. 1B). All the crystal
ypes are isomorphous with each other and differences
n the structures are subtle. These differences are de-
cribed following the description of the common features
TABLE 1
Properties of CPMV
RNA
No. of nucleotides M.W.
RNA1 5889 2.02 3 106
RNA2 3481 1.22 3 106
Capsid proteins
No. of amino acids M.W.
L subunit 374 41,249
S subunit 213 23,708
Virus components
%RNA RNA M.W. S Buoyant density (g/cc)
op 0 None 3.94 3 106 58 1.297
24 RNA2 5.16 3 106 98 1.402
U 34 RNA1 5.98 3 10
6 118 1.422
L 34 RNA1 5.98 3 10
6 N/A 1.470f the three structures based on the studies of the MIX srystals. We use this structure as reference because the
ata are most complete to 2.8 Å resolution.
article organizations
The overall particle shape is shown in Fig. 2 with a
2-Å thick equatorial cross section of the electron den-
ity. The particle has protrusions at the icosahedral five-
old and threefold symmetry axes and a valley at the
cosahedral twofold axes. Figure 3 summarizes the rela-
ionship between the tertiary and quaternary structures
f the proteins forming the particle. Figure 3A is a space-
illing representation of the particle shown schematically
n Fig. 3B. Each trapezoid in Fig. 3B represents a b
andwich with the jelly-roll topology. The letter designa-
ions correspond to the convention used for labeling T 5
quasi-equivalent viruses, where the b sandwiches oc-
upying these three structurally unique positions are the
ame gene product. The A subunits clustered around
entamers, and the B and C subunits clustered around
examers. Each color depicts a unique amino acid se-
uence in CPMV. There are 60 copies of each of the
ifferent colored trapezoids leading to 180 b-sandwich
omains in the particle. Figure 3C illustrates the folds of
he individual domains corresponding to the trapezoids
n Fig. 3D. The three domains are distributed in two
olypeptide chains. The large (L) protein is comprised of
74 amino acids and consists of the C domain at the
mino terminus and the B5 domain at the carboxyl-
erminus. The small (S) protein is comprised of 213 amino
cids and corresponds to the A domain (Figs. 1A, 3B).
efined model
The refined model consists of residues 1–368 of the L
ubunit and 1–189 of the S subunit. The last five residues
f L are not visible in the electron density. Residues
90–213 of S are susceptible to the proteolysis in purified
irus (Kridl and Bruening, 1983) and were apparently
leaved off prior to crystallization. The 580 residues in
he icosahedral asymmetric unit (one L and one S sub-
nit) consist of 4510 nonhydrogen atoms. A total of 83
ater molecules were included in one icosahedral asym-
etric unit. The refinement of the MIX crystals included
ata between 10 and 2.8 Å with I/s(I) . 2, with a resulting
rystallographic R factor of 18.8%. The quality of the
efined model is shown in the Ramachandran plot
Fig. 4).
Given the atomic coordinates of the A, C, and B5
-sandwich molecules, the entire particle can be gener-
ted by fivefold, threefold, and twofold symmetry axes,
hown in Fig. 3B. Although space group I23 contains five
opies of the L and S proteins in the crystallographic
symmetric unit, the refinement imposed strict icosahe-
ral symmetry so effectively only one copy of L and S
ubunits is considered unique.
22 LIN ET AL.
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23COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTIONomain structure comparison
The individual domains of the L and S proteins occupy
patially equivalent positions to those found in T 5 3
iruses formed by a single gene product. The b-sand-
ich folds of the individual domains in CPMV are topo-
ogically identical and structurally similar (Fig. 5). The
hree-dimensional structures were superimposed on each
ther using only the Ca atoms of the b strands (Fig. 6A).
FIG. 1. (A) Genome alignment of human rhinovirus 14 (HRV14), cowpe
nsect virus (Johnson and Christian, 1998). HRV14 is monopartite, CPMV
an be aligned with both HRV14 and DVC, as the order of the two CPM
achinery, while RNA2 encodes a movement protein and two capsid p
P3 proteins of HRV14 and DVC, the S subunit is aligned with VP1 pro
f coding sequences of the coat proteins and viral replication machiner
equence in HRV14, but at the 39 end of the VP2 sequence in DVC (Tate
olecules of the CPMV genome are separately encapsidated in differ
omponent which contains no RNA has the least buoyant density and
NA2 and the bottom component contains RNA1. Due to the displac
eparated into bottom-upper (BU) and bottom-lower (BL) components. T
FIG. 2. An equatorial cross section (12 Å in thickness) of the aver-
ged electron density of the CPMV capsid structure. The particle has
rotrusions at the icosahedral fivefold and threefold symmetry axes
nd a valley at the icosahedral twofold axis. The internal and external
adii of the particle along each symmetry axis are indicated.f a mixture of the two, which is termed MIX component. The structures of thable 2 shows root mean square deviations (rmsd) for
ndividual superpositions and the number of atoms se-
ected for the comparison. Employing the optimal struc-
ure alignment, the corresponding sequences can be
ompared (Fig. 6B). Despite the complete lack of se-
uence homology, the basic b-sandwich folds are con-
erved in all three domains. The wedge-shaped b-sand-
ich structures are approximately 50 Å long, 20 Å across
t the narrow end, 30 Å at the wide end, and 20 to 30 Å
n thickness. The C and B5 domains are connected by 10
esidues that attach the terminus of the bI strand in the
domain with the bB strand in the B5 domain. The
onnector lies internal at the RNA interface and links the
and B5 domains with nearly the minimum number of
esidues required to cover the distance between the two
trand termini. The small subunit (A domain) deviates
ost from the canonical b-sandwich fold. The insert
etween the bC and bD strands is extended and creates
wo additional strands on the top of the sandwich to
ake it a 10-stranded sandwich.
uaternary interactions
The CPMV particle is best described as a pseudo T 5
particle with B and C domains clustered about the
cosahedral threefold axes and five A domains clustered
t the pentamer axes. The domains are highly modular
nd all of the unique contacts between them are de-
cribed in Fig. 3 and Table 3. The extensive interactions
ithin the pentamer, especially between A and A5 sub-
nits, suggest that CPMV assembly may be similar to
icornaviruses and use the pentaner as the assembly
nit (Table 3). Figure 7 illustrates the remnants of quasi-
quivalent contacts preserved at the A–B5 and C–C2
nterfaces that are quasi-equivalent in a T 5 3 surface
attice and the region close to the ABC junction, which is
quasi-threefold axis in T 5 3 structure. The freedom
ffered by the separately evolving domains has dramat-
cally changed the pseudoequivalent interfaces, but the
odular nature of the assembly units has been largely
aintained.
Figure 8A illustrates an interaction at the pentamer
ontact in which the five N termini of the A subunits form
n annular structure that is stabilized by hydrogen bonds
ic virus (CPMV), and Drosophila C virus (DCV), which is a picorna-like
artite. DVC, although monopartite, is dicistronic. The genome of CPMV
A segments is arbitrary. RNA1 of CPMV encodes the virus replication
, L and S subunits. The L subunit of CPMV is aligned with the VP2 and
HRV14 and DVC. Alignment of HRV14 and DVC requires a reordering
of interest, the coding sequence of VP4 is in the 59 end of VP2 coding
999). (B) CPMV component separation on CsCl gradient. The two RNA
s particles, which can be separated on a CsCl gradient. The top (T)
e top of the gradient. The middle (M) component contains the smaller
of endogenous polyamine by Cs1, the bottom component is further
all separation of M and BU components often results in a preparationa mosa
is bip
V RN
roteins
teins of
y. Also
et al., 1
ent viru
is at th
ement
he sme components labeled by * are presented in this report.
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24 LIN ET AL.etween the N-terminal NH and a carbonyl oxygen of the
hird residue of the fivefold related neighboring peptide.
ucleic acid
No nucleic acid was visible in the region occupied by
ingle-stranded RNA in BPMV, although the binding
FIG. 3. The structure of the viral capsid and the icosahedral asymm
subunits, which form three b-sandwich domains in the icosahedral a
T 5 3 quasi-equivalent surface lattice. These are designated A (doma
ollowing the letter indicate positions related by the icosahedral symme
n an icosahedral lattice and these are shown in blue. The L subunit is
space-filling drawing of the CPMV capsid. All atoms are shown as sp
Ferrin et al., 1988; Huang et al., 1991). (B) A schematic presentation o
he two domains of L subunit occupy the B and C positions. The qua
nique intersubunit interfaces are A/B5, C/B5, A/C, A/A5, A/B, B/C, C/B
nterface. Selected icosahedral symmetry axes are also shown. (C) A
symmetric unit. N-termini of the S and L subunits are in the interior a
elly-roll b sandwiches. The diagram was prepared with the program MO
cosahedral symmetry axes. The A domains surround the fivefold axesocket is clearly similar. ptructural studies of components
The M component, purified from a CsCl gradient, pro-
uced crystals that were isomorphous with the MIX crys-
als and they were produced with nearly identical condi-
ions. The structure was determined by molecular re-
it of CPMV. The capsid is comprised by two viral proteins, the S and
tric unit. These three domains occupy comparable positions shown in
ing pentamers); and B and C (domains forming hexamers). Numerals
, B, and C. The S subunit forms the domain occupying the A positions
by two domains, C and B5, shown in green and red, respectively. (A)
of 1.8 Å in diameter. The CPK presentation was made with MidasPlus
capsid. The S subunit occupies A positions around the fivefold axis;
interactions at A/B5 and C/C2 interfaces are pseudoequivalent. The
C/C2, which are listed in Table 3 with the buried surface area at each
diagram of the three b-barrel domains that comprise the icosahedral
ermini are in the exterior. All three domains are variants of canonical
PT (Kraulis, 1991). (D) A schematic diagram of the asymmetric unit with
he B and C domains alternate around the threefold axis.etric un
symme
ins form
try to A
formed
heres
f CPMV
ternary
2, and
ribbon
nd C-t
LSCRI
, and tlacement followed by phase refinement and difference
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25COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTIONlectron density analysis (see Materials and Methods).
he final structure was virtually indistinguishable from
he MIX crystals.
The BL component, the high-density form of CPMV in
hich endogenous polyamines were exchanged for Cs1
ons (Virudachalam et al., 1985), also crystallized isomor-
hously with MIX. The structure was determined with the
ame approach described for M. Comparing BL electron
ensity with MIX and M revealed one significant differ-
nce. The electron density for the pentameric annular
tructure was virtually absent in the BL component (Fig.
B). In all other respects, the structures were indistin-
uishable.
rystallographic studies of hexagonal CPMV
Hexagonal crystals of CPMV were grown from a
ixture of components, not purified with a CsCl gra-
ient. They contained about 10% empty particles and
qual quantities of M and B. The ratio reflected the
FIG. 4. A Ramachandran plot of the main-chain dihedral angles, a
easure of the quality of the atomic model. Each black square repre-
ents a nonglycine residue, and each black triangle represents a
lycine residue. The gray areas from high to low in darkness indicate
he most favored, allowed, and generously allowed regions of the
ain-chain dihedral angles. The regions in white are disallowed re-
ions. There is no nonglycine residue in the disallowed region, and
5.3% of the residues are in the most favorable region. The atomic
odel was refined to a crystallographic R factor of 18.8% for 89,846
eflections between 10 to 2.8 Å resolution. There are 4510 atoms from
he protein and 83 oxygen atoms from water molecules in the model.
he root mean square deviation (rmsd) for bond lengths, bond angles,
nd dihedral angle is 0.016 Å, 1.929°, and 27.3°, respectively. The
rystallographic R factor is defined as
¥hkl iFobsu 2 kuFcalci
¥hkl uFobsuoncentration of components in the crystallographic cetup, as shown by sucrose density analysis of a
issolved crystal. The space group is P6122 and lattice
onstants are a 5 451 Å, c 5 1038 Å. Previous studies
f the crystals by electron microscopy showed that
hey possessed large channels and that Fab frag-
ents could be diffused into the crystals (Johnson and
ollingshead, 1981). A partial data set to 6 Å resolution
as collected and processed a number years ago
Usha et al., 1984) and these data were used to deter-
ine the space group and particle orientation with the
FIG. 5. Stereoviews of the tracing of the A domain (top), B domain
middle), and C domain (bottom). All three domains are variations of the
anonical eight-stranded b-sandwich fold.
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26 LIN ET AL.tomic model determined in the cubic space group.
igure 9 shows the locations of amino acid residues
nvolved in the packing of virus particles in the cubic
nd hexagonal cells. In the cubic space group, resi-
ues around the threefold axis from the B and C
omains are involved in the crystal contact. In the
exagonal space group, residues of the A domain
lustered around virus fivefold axes are in contact with
esidues at the edge of the protrusion of the A domain
f a neighboring particle.
DISCUSSION
ubic crystal form
On the basis of virion size, protein composition,
ow-resolution X-ray crystallography, and electron mi-
roscopy, it was proposed that CPMV would have a
apsid similar to T 5 3 plant viruses, except that it
ould have the equivalence of three gene products in
FIG. 6. Structural superposition of three domains of the CPMV caps
he A domain is in blue; the B domain is in red, and the C domain is i
hile there is little similarity in loops and helices, the b strands of the
xtra bC9 and bC0 strands of the A and B domains were not included i
n O (Jones et al., 1991; Jones and Kjeldgaard, 1997) between b strand
n the structural superposition. The strands in the b sandwiches were
hough structurally different, b strands, bC9 and bC0 strands, after the b
C strands forming a 10-stranded b barrel. In B domain, the bC9 and b
he aA helix.he icosahedral asymmetric unit, two being associated ss a single polypeptide, L subunit, and one constitut-
ng the S subunit (Schmidt et al., 1983). The genome
equence and organization of CPMV suggested that it
as also related to the picornaviruses (Lomonossoff
nd Shanks, 1983; van Wezenbeek et al., 1983; Frans-
en et al., 1984). The 3.5-Å structure of CPMV (Stauf-
acher et al., 1987) demonstrated unequivocally the
ccuracy of the predictions.
The CPMV surface lattice differs from the quasi sym-
etry described by Caspar and Klug (1962). The asym-
etric unit of quasi-symmetrical T 5 3 particle is com-
rised of three subunits of identical sequence with
lightly different environments. The three b-sandwich
nits in CPMV occupy the same lattice positions as
uasi-symmetrical subunits in the asymmetric unit, but
hey are of completely different chemical sequence. This
ariant of quasi-equivalence is termed pseudo T 5 3 or
53 architecture (Rossmann and Johnson, 1989). A
apsid comprised of three gene products is not con-
in and the alignment of their sequences based on the superposition.
. (A) Stereoview of the superposition of three CPMV capsid domains.
jelly-roll b barrels can be superimposed with reasonable fidelity. The
lignment. The root mean square deviations calculated by subroutines
three domains are shown in Table 2. (B) Sequence alignment based
as indicated previously. Both the A and B domains contain additional,
nd. In the A domain, the bC9 and bC0 strands lie on top of the bB and
ds are part of the interface in A/B5 contact. All three domains containid prote
n green
three
n the a
s of the
aligned
C stra
C0 strantrained by the molecular switching required by the
q
q
d
i
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27COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTIONuasi symmetry and therefore is more flexible in forming
uaternary interactions.
FIG. 6CPMV is best described as having the character of two pifferent T 5 3 viruses, which require the flexibility of
nterfaces that have not been seen with a single gene
nuedroduct. Southern bean mosaic virus (SBMV) is a T 5 3
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28 LIN ET AL.irus and the three domains of its asymmetric unit are of
dentical chemical sequence (Johnson et al., 1976; Silva
nd Rossmann, 1987). Obeying near-perfect quasi-three-
old symmetry, the three domains in the icosahedral
symmetric unit lie with the long dimension of the b
arrel tangent to the spherical surface (Fig. 10A). This
onstruction creates the maximum internal volume, at
bout 7 3 106 Å3, to package the genome and generates
nearly spherical surface. In contrast, the b barrels of
owpea chlorotic mottle virus (CCMV), another T 5 3
irus, stand nearly on end with the long dimensions of
he b barrels roughly parallel to the adjacent fivefold or
uasi-sixfold symmetry axes (Fig. 10B). With long dimen-
ions radial to the spherical surface, CCMV b barrels
roduce bold morphological features easily visible in the
lectron microscope (Speir et al., 1995), probably at the
ost of packing capacity for its genome. The subunits of
BMV and CCMV are comparable in size, yet the internal
olume of CCMV is smaller at about 5.2 3 106 Å3. As a
esult of the different subunit arrangement, the packing
apacity of SBMV is about 34% greater than that of
CMV. The relative difference in the internal volume of
he two capsids correlates reasonably well with the rel-
tive size of the genomes. The genome of SBMV is
onopartite with an RNA molecule of 4149 nucleotides
Sehgal, 1995). The genome of brome mosaic virus
BMV), a virus closely similar to CCMV, is tripartite with
wo larger RNA molecules separately packaged, and one
mall genomic RNA packaged with a subgenomic RNA,
n isometric particles. The largest BMV RNA to be pack-
ged is 3234 nucleotides in size. SBMV RNA is about
TABLE 2
Superposition of Domains
Domains superposed A/B A/C B/C
rmsd a l2.2 2.0 2.0
Number of Ca pairs 81 65 56
a Root mean square deviation.
TABLE 3
Subunit Contacts
Contacts
Subunit1/Subunit2)
Subunit 1 #
residues
Subunit 2 #
residues
Total buried
surface area (Å2)
A/B5 31 25 1573.4
C/B5 35 39 2207.3
A/C 29 31 1734.0
A/A5 51 45 2687.4
A/B 23 27 1362.4
B/C 33 26 1678.6
C/B2 31 35 1939.6
C/C2 42 42 2285.0iFIG. 7. Stereoviews of pseudoequivalent subunit contacts in
he CPMV capsid. (A) The subunit contacts at the A/B5 interface.
he A domain is in blue and the B domain is in red. The aA helices
re packed side by side and the bC9bC0 strands of the B domain,
hich are perpendicular to the long dimension of the b barrel,
nteract tightly with the C-terminus of A domain. (B) The icosahedral
wofold axis relates the aA helices in the C/C2 contact. The N-
erminus of C domain extends past the axis and interacts with the
wofold-related C domain, providing additional stability to the inter-
ction. (C) At the pseudo-threefold axis, all the interacting elements
re from the GH loops of each of the three domains. However, there
s no threefold symmetry relating the conformations in this P 5 3
irus. The GH loop of the A domain (blue) is especially dissimilar to
hose of B (red) and C (green) domains, which correlate with the
ignificant deviation from the quasi symmetry of the A domain.
rp138 of A domain is interlocked by the hydrophobic region of
rg143 of C domain at exterior, and Val305, Thr306 of B domain atnterior.
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29COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTION0% larger than the largest BMV RNA, which is similar to
he relative difference in the internal volume of the two
iruses.
CPMV has two domains oriented as in the SBMV
apsid, and one domain forming pentamers strikingly
imilar to CCMV (Fig. 10C). To date, such a combination
f quaternary organization is observed only in viral cap-
ids with the three subunits formed by different polypep-
ide sequences. CPMV and SBMV capsids are similar in
ize; however, CPMV RNA1, the larger RNA molecule
omprising the CPMV genome, comprises 5889 nucleo-
ides, which is 40% larger than SBMV RNA. Unlike SBMV,
he interior of CPMV capsid is not a spherical enclosure.
eep pockets are found at the capsid facing the interior.
hese bind approximately 660 nucleotides in BPMV
Chen et al., 1989), and apparently increase the packing
apacity. The RNA binding pocket could form only at the
ubunit interfaces at the interior between two different
omains, B5 and C.
CPMV and picornaviruses share similar tertiary and
uaternary structures. Their coding sequences for the
apsid proteins can be aligned (Fig. 1A). VP1 of picorna-
irus is equivalent to the S subunit of CPMV and occu-
ies the A position in the icosahedral shell. Although VP2
nd VP3 are two separate polypeptides and the L subunit
s a single polypeptide, the L subunit folds into two
-barrel domains comparable to VP2 and VP3 domains
hat occupy C and B5 positions in the icosahedral lattice
Fig. 3). Despite the overall similarity in capsid architec-
ure, there are significant differences between the two
FIG. 9. CPK models depict the residues involved in the crystal
ontacts. All atoms are shown as spheres of 1.8 Å in diameter. (A)
pace group I23. The virus particles are in contact along the threefold
xes. Lys234 and Thr2161 of the C domain and Ser2339 of the B
omain, which are drawn in black, are the major interacting residues.
he crystal contact in this space group overlaps the region where the
onoclonal antibodies bound (Wang et al., 1992; Porta et al., 1994). (B)
pace group P6122. The major contacting residues (drawn in black) are
rg182 and Asp185 of the A domain around the fivefold axis with
sp145 and Asn146 of the A domain at the outer edge of the capsid
rotrusion (in the C9C0 loop). These residues are well away from the
hreefold axes around which the monoclonal Fab molecules bind, and
odeling suggests that it is suitable for the formation of CPMV/Fab
omplex in situ with the crystal. The CPK presentation is made with
idasPlus (Ferrin et al., 1988; Huang et al., 1991). Crystal contacts wereFIG. 8. An interaction at the pentameric contact. The five-
old-related N-termini of the S subunits form a pentameric annulus
nside a channel-like structure along the fivefold axis of the viral
apsid. This annulus is perturbed in the BL component which has
s1 bound to the RNA. (A) A section of the averaged electron
ensity map of the CPMV MIX component, looking down the fivefold
xis from capsid exterior. The electron density is defined and the
nnular structure can be modeled with the N-termini of the S
ubunit. (B) The model of the annuli derived from the MIX component
tructure is superimposed with the electron density map of BL
omponent. It is apparent that the electron density associated with
he annuli is ill defined in the BL component, which is permeable to
s1 ions (Virudachalam et al., 1985). Both electron density maps arenvestigated by established procedures (Natarajan and Johnson, 1998).
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30 LIN ET AL.iruses. These include the termini of each subunit, the
nterior of b barrels of the VP1 and S subunit, the extra
FIG. 10. Schematic illustrations of quasi-threefold-related subunits of
irus capsids. The semicircles represent part of the spherical surfaces
efined by the center of the subunits. Each brick represents a domain,
ither A, B, or C domain, as labeled. The viral fivefold and quasi-threefold
xes are also shown. (A) A schematic representation of southern bean
osaic virus (SBMV). The quasi-threefold-related domains lie with their
ong dimensions along the sphere, producing a smooth surface and large
nternal volume for genome packaging. (B) A schematic representation of
owpea chlorotic virus (CCMV). The subunits stand on end, producing
old protrusions on the viral surface. (C) A schematic representation of
owpea mosaic virus (CPMV). The different chemical compositions of
hree domains allow them to be arranged without the constraint of the
uasi-threefold axis. While the long dimensions of B and C domains are
angent to the sphere as in SBMV, the A domain stands on end to form
rotrusions on the viral surface–like CCMV. Consequently, the organization
f CPMV capsid protein is a combination of that of SBMV and CCMV.9C0 strands of S subunit, and the loops connecting the Cstrands. Such differences are likely to reflect the dif-
erences in the infectious cycles of the animal and plant
iruses.
The infection of picornaviruses involves receptor bind-
ng, endocytosis, and release of viral genome into the
arget cell (Ruecker, 1985). In contrast, CPMV infection is
ore straightforward and depends on insect vectors to
eliver the virus particle directly into the plant cell, with-
ut the explicit processes associated with animal cell
ntry. The infection, therefore, does not require the del-
cate mechanism of interaction with the cell, fine-tuning
f the stability, and conformation of the viral capsid. The
implified biology is reflected in the CPMV capsid struc-
ure.
Without the need for receptor binding, the number of
esidues in the bB–bC loop of the C domain, which
omprises much of the south wall of the receptor binding
ite in picornaviruses, are reduced to a minimum. Con-
equently, there no longer exists any discernible recep-
or binding “canyon” as observed in some picornaviruses
Rossmann, 1989). Moreover, the location for binding the
eceptor is occupied by the additional bC9 and bC0
trands of A domain, as if the receptor site is perma-
ently occupied.
The so-called “pocket factors” are frequently found
nside the b barrels of VP1 of picornaviruses, which are
ites for binding antiviral drugs that stabilize the capsid
Smith et al., 1986; Smith and Baker, 1999). Binding of
rugs inhibited uncoating of the RNA and makes the
apsid resistant to the proteolysis (Lewis et al., 1998). In
ontrast, the similar b barrel of CPMV S subunit is filled
ith hydrophobic residues, which resembles a perma-
ently bound pocket factor. Soaking experiments also
ndicated there was no binding of pocket factor drugs in
PMV (Usha and Johnson, unpublished data).
CPMV subunits interact in a modular fashion with
ontacts mainly involving residues on the side of the b
arrel. In contrast, picornavirus subunits have additional
xtensive interactions with N and C termini, especially
etween VP1 and VP3 subunits which possess extended
- and C-termini (Rossmann et al., 1985). This is possible
nly as VP2 and VP3 are two separate polypeptides. In
PMV, the C and B5 domains are in one polypeptide. The
-terminal end of C domain is linked to the N-terminal
nd of B5 domain and there is no free N-terminus of B5
omain to interact with A domain as between VP3 and
P1. Moreover, the termini of A domain and C-terminus of
5 domain fold away from each other. Without extensive
nteractions of termini between subunits, there seems to
e no major barrier for the CPMV capsid to dissociate
nd release the genome after entering the cell for the
elease of genome.
The b annulus of poliovirus was formed by the N-
erminus of VP3 and was found inside a channel-like
tructure around the fivefold axis (Hogle et al., 1985). In
PMV, a similar pentameric annular structure may relate
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31COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTIONo Cs1 permeability. It was found that Cs1 ions diffused
nto the capsid of CPMV BL component and replaced the
ndogenous polyamines (Virudachalam et al., 1985). This
eplacement of polyamines by Cs1 ions significantly in-
reases the density of the virus particle and apparently,
s shown in the structure, perturbs the pentameric an-
ular structure inside the channel (Fig. 8). It is reason-
ble to suggest that the channel-like structure around
he viral fivefold axes can function as an ion channel.
Regions of packaged RNA were detected in BPMV
tructure (Chen et al., 1989), largely due to its association
ith the icosahedral capsid. BPMV RNA was bound in a
ocket formed between B5 and C domains. No RNA is
etected in different components of CPMV, although a
PMV-like RNA binding pocket is present. The lack of
etectable RNA in the CPMV structures must be attrib-
ted to its failure to make symmetrical interactions with
he capsid.
exagonal crystal form
Crystallization of proteins and viruses occasionally
esults in unit cell dimensions of extraordinary length,
ue either to the size of the molecule or to the crystal
acking. Previously we reported the collection and pro-
essing of data from a hexagonal crystal of CPMV with
nit cell dimensions a 5 451 Å, c 5 1038 Å (Usha et al.,
984). These crystals are of particular significance be-
ause they diffract X rays to 3.0 Å resolution in synchro-
ron radiation, they are stable over a wide range of pH
nd ionic strength, and they form with channels in ex-
ess of 200 Å in diameter along both the c and a axes. In
rinciple, these crystals can serve as a host for macro-
olecular “guests” that may interact with the virus parti-
les. Indeed, in previous biochemical studies we dem-
nstrated that, by a multistep process, large quantities of
olyclonal antibodies could be soaked into these crys-
als (Johnson and Harrington, 1985). We also reported the
tructures of two complexes between Fab fragments of
onoclonal antibodies to CPMV determined by cryo-
lectron microscopy and image reconstruction (Wang et
l., 1992; Porta et al., 1994). The 25-Å EM structures
dentified the footprint of the Fab on the CPMV surface
round the threefold axis, which was well removed from
he residues interacting to stabilize the lattice in the
exagonal cell (Fig. 9B). Modeling studies suggest that
he Fab-binding site in the particle can be similarly oc-
upied in the crystal. Additionally, we have determined
he sequence of the two monoclonal antibodies used in
he formation of the complexes (Lin and Johnson, unpub-
ished data). These provide the basis to form a CPMV/
ab complex in situ within the crystal and the opportunity
o determine the structure of the complex at near-atomic
esolution. Such studies are of interest not only as it is a
nique approach to the formation of a complex for struc-ural studies, but the structures of the CPMV/Fab com- wlex can serve as a useful system in understanding the
nteractions of antibodies with virus particles as well.
MATERIALS AND METHODS
tructure determination in space group I23
Crystals in space group I23 of the MIX component of
he Bi1 mutant of CPMV yellow strain were used for the
tructure determination and refinement of the viral cap-
id. RNA2 of the Bi1 mutant genome, which encoded the
apsid protein, was shown to be virtually the same as
hat of the wild-type CPMV by RNase T1 fingerprinting
George Lomonossoff, personal communication). The dif-
raction data were acquired at the Cornell High Energy
ynchrotron Source. The data were processed (Ross-
ann, 1979) and postrefined (Rossmann et al., 1979). The
hase refinement was carried out as described (John-
on, 1978). The results of data reduction and phase
efinement in space group I23 are summarized in Table
. The methods employed for the structure determination
TABLE 4
Data Collection and Processing of Components
Component MIX M BL
umber of films 80 41 38
rocessing limit 2.8 Å 2.7 Å 2.6 Å
/s (processing) 2 2 2
/s (postrefinement) 4 4 4
otal reflections 285,379 217,996 209,538
nique reflections 102,333 97,156 98,211
merga 10.9% 11.5% 8.9%
Resolutions (Å)
Fractions of data (%)
C.C.b in phase refinement
MIXMIX M BL
30.0
15.0 100 56 87 0.611
10.0 100 84 82 0.814
7.50 98 84 79 0.941
5.00 96 82 77 0.963
3.50 92 78 75 0.968
3.00 80 68 63 0.802
2.75 36 54 49 0.775
2.50 — 8 23 —
Overall: 81 69 62 0.946
a Rmerg is defined as
¥hkl ¥ j51
N uIhkl 2 Ihkl~ j!u
¥hkl NxIhkl
.
b C.C. (Correlation coefficient) is defined as
¥h ~uFh~obs!u 2 uFh~obs!u! x~uFh~calc! 2 uFh~calc!uu!
@¥h ~uFh~obs! 2 uFh~calc!uu! 2x ¥h ~uFh~calc! 2 uFh~calc!uu! 2# 1/ 2
.ere reported previously (Stauffacher et al., 1987;
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32 LIN ET AL.omonossoff and Johnson, 1991) and only a summary is
rovided here for reference.
The Bi1 mutant of CPMV yellow strain was propagated
n blackeyed peas and purified as described (Siler et al.,
976). Cubic crystals displaying rhombic dodecahedral
orphology were obtained by vapor diffusion. The res-
rvoir solution was 0.4 M ammonium sulfate, 2% poly-
thylene glycol 8000 (w/v), and 0.05 M potassium phos-
hate at pH 7.0. The virus solution was prepared at 35
g/ml in 0.05 M potassium phosphate, pH 7.0. The space
roup was determined as I23 with a 5 317.0 Å. Two
articles occupied special positions in the unit cell, and
here was fivefold noncrystallographic redundancy. A
eavy atom derivative was prepared by cocrystallization
f CPMV (40 mg/ml) with ethyl mercury phosphate (0.5
M).
The structure was determined using the single iso-
orphous heavy atom derivative to compute phases to
.5 Å. The electron density was improved by averaging
ith the fivefold noncrystallographic symmetry and
hen the resolution was extended in steps to 3.5 Å
esolution. At this resolution, the chain was traced and
he partial correlation of the side-chain density with
he primary structure of the protein was made with the
elp of the structure of BPMV (Chen et al., 1989). The
hases of CPMV were refined at 3.0 Å using the initial
alculated phases from the model followed by 10 cy-
les of fivefold real-space averaging. A complete
odel of CPMV was built at 3.0 Å with the averaged
lectron density map.
efinement in space group I23 to 2.8 Å
One round of simulating annealing by X-plor was car-
ied out for the refinement of CPMV model to 3.0 Å using
he slow cooling protocol (Brunger et al., 1990; Brunger
nd Rice, 1997). The starting temperature was 4000K and
he final temperature was 300K. To facilitate the process,
he structure factors were not updated unless there were
toms moved by more than 0.5 Å. The temperature was
llowed to decrease 50K at each step, which induced no
etectable differences as compared by lowering the tem-
erature in 25K intervals used in the original protocol.
onjugate gradient minimizations (Brunger, 1992) and
anual building (Jones et al., 1991; Jones and Kjeldgaard,
997) were applied to further improve the model, and the
esolution was extended to 2.8 Å. Water molecules were
ocated in an electron density map calculated with (Fobs
Fmodel)a
ave as the coefficients in Fourier synthesis fol-
owed by one cycle of averaging. The geometry of the
odel was monitored by the program PROCHECK (Las-
owski et al., 1993). The secondary structures were con-
irmed by the program DSSP (Kabsch and Sander, 1983).
he coordinates will be deposited in the Protein Data
ank. (tructural studies of components
The individual components of CPMV were separated
n CsCl gradient. The CsCl solution was prepared by
issolving 40 g of CsCl in 100 mM potassium phosphate,
H 7.0, 1 mM EDTA to total weight of 100 g. Purified virus
as mixed with the CsCl solution and centrifuged at
8,000 rpm for 18 h in a 50.2Ti rotor (Beckman). In the
sCl gradient, CPMV was separated into T, M, BU, and BL
omponents (Fig. 1B). The BL component was widely
eparated from the M component. The separated com-
onents were collected manually with Pasteur pipettes
r by using an ISCO density gradient fractionator.
The presence of specific CPMV components in the
rystals was analyzed on a sucrose gradient. The su-
rose gradient was formed by defrosting a solution ini-
ially prepared as 20% (w/v) sucrose in 100 mM potas-
ium phosphate, pH 7.0, and 1 mM EDTA. Crystals were
issolved in 100 mM potassium phosphate, pH 7.0, and
pplied on top of the gradient for centrifugation at 38,000
pm in a SW41 rotor (Beckman) for 2.5 h. The presence of
, M, or B components was analyzed by a spectrometer
onnected to an ISCO density gradient fractionator or by
isual inspection.
Different viral components were crystallized isomor-
hously in I23 space group under conditions similar to
hose used for MIX. The data from crystals of M and BL
omponents, as well as the MIX component, were simi-
arly acquired and reduced (Stauffacher et al., 1987), and
hese are summarized in Table 4. The data for the M and
L components were divided into multiple resolution
hells and each shell was scaled to the data of MIX
omponent. Difference Fourier syntheses with (FBL,M 2
MIX)a
ave as coefficients were performed on the scaled
ata to generate difference maps. The structures were
etermined by molecular replacement in real space with
he initial phases calculated from the atomic model.
rystallization and molecular replacement in space
roup P6122
The crystals in the hexagonal form were produced by
he vapor diffusion method. The droplets were made by
ixing equal volumes of 20 mg/ml virus solution in 0.3 M
odium citrate, pH 4.9, with 0.6 M sodium citrate, pH 4.9,
f the well solution. Preliminary crystallographic analy-
es of hexagonal CPMV were reported (White and John-
on, 1980; Johnson and Hollingshead, 1981; Usha et al.,
984). Particle packing was established by electron mi-
roscopy and low-angle precession photographs. There
re six particles per unit cell and 12 general positions.
he icosahedral virus particles are constrained to lie on
ne of two unique sets of twofold crystallographic axes.
hese two sets can be described with respect to their
irection in the X–Y plane and their translation in Z. One
wofold axis of the first set is coincident with the a axis
Z 5 0). The other five twofold axes of this set are related
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33COWPEA MOSAIC VIRUS STRUCTURE AT 2.8 Å RESOLUTIONo the first by the 61 screw axis along Z. One twofold axis
n the second set is parallel to the b* axis at Z 5 1⁄4 and
assing through X 5 1⁄2. Packing arguments and electron
icroscopy establish the particle position to be near 1⁄2,
, 0; or 1⁄2, 0, 1⁄4, and symmetry-related positions, but the
coordinate and hence the unique crystallographic two-
old axis was not determined in the initial analysis. Sub-
equent to those studies, a partial data set was collected
o 6 Å resolution (Usha et al., 1984). These data were
sed for the analysis described below.
The particle orientation and hence the Z coordinate of
he particles was determined unambiguously by the self-
otation function (Rossmann and Blow, 1962; Tong and
ossmann, 1990, 1997). Locked rotation functions were
omputed assuming the particle was oriented with a
wofold axis along a*. The only significant peak occurs
here the particle orientation is rotated by 41.6o. There
re no significant peaks when the twofold axis is aligned
ith the b* axis. A cross-rotation function was then
omputed using the observed cubic data. It demon-
trated the same particle orientation as was determined
n the self-rotation function.
With the orientation and unique crystallographic two-
old axis clearly established, a precise value for the
ranslational coordinate could be determined by an R
actor search employing the I23 structure as the search
odel. First, the global minimum in the R factor was
stablished by assuming that the particle was precisely
n the X axis. The R factor was computed at 5o intervals
nd the minimum (48%) was found at precisely the same
rientation as in the rotation function searches. The
article was then translated along the twofold axis and R
actors computed. The minimum was found at a transla-
ion of 20.5 Å from the original position. Finally, the
nantiomorph of the space group was determined by
omputing R factors for P6122 and P6522, which estab-
ished that P6122 was the correct space group.
ACKNOWLEDGMENTS
The authors thank Drs. Lars Liljas and George Lomonossoff for
ritically reviewing the manuscript. The authors thank Dr. Padmaja
atarajan for help in investigating the crystal packings with her crystal
acking program. The project was funded by National Institutes of
ealth Grant AI18764. This is manuscript number is 12000-MB at The
cripps Research Institute.
REFERENCES
hlquist, P., Dasqupta, R. and Kaesberg, P. (1984). Nucleotide sequence
of brome mosaic virus genome and its implication for virus replica-
tion. J. Mol. Biol. 172, 369–383.
runger, A. T. (1992). X-PLOR Version 3.1. A system for X-ray crystallog-
raphy and NMR. Yale University Press, New Haven, CT.
runger, A. T., Krukowski, A., and Erickson, J. W. (1990). Slow-cooling
protocols for crystallographic refinement by simulating annealing.
Acta Crystallogr. A 46, 585–593.runger, A. T., and Rice, L. M. (1997). Crystallographic refinement bysimulated annealing: methods and applications. Methods Enzymol.
277, 243–269.
aspar, D. L. D., and Klug, A. (1962). Physical principles in the con-
struction of regular viruses. Cold Spring Harb. Symp. Quant. Biol. 27,
1–24.
handrasekar, V., and Johnson, J. E. (1998). The structure of tobacco
ringspot virus: a link in the evolution of capsids in the picornavirus
superfamily. Structure 6, 157–171.
hen, Z., Stauffacher, C., Li, Y., Schmidt, T., Bomu, W., Kamer, G.,
Shanks, M., Lomonossoff, G., and Johnson, J. E. (1989). Protein-RNA
interactions in an icosahedral virus at 3.0 Å resolution. Science 245,
154–159.
hen, Z., Stauffacher, C., Schmidt, T., Fisher, A., and Johnson, J. E.
(1990). RNA packaging in bean pod mottle virus. In “New Aspects of
Positive-Strand RNA Viruses” (A. Margo, A. Briton, and F. X. Heinz,
Eds.), pp. 218–226. American Society for Microbiology, Washington,
D.C.
errin, T. E., Huang, C. C., Jarvis, L. E., and Langridge, R. (1988). The
MIDAS display system. J. Mol. Graph. 9, 13–27.
ranssen, H., Leunissen, J., Goldbach, R., Lomonossoff, G. P., and
Zimmern, D. (1984). Homologous sequences in the non-structural
proteins from cowpea mosaic virus and picornaviruses. EMBO J. 3,
855–861.
ogle, J. M., Chow, M., and Filman, D. J. (1985). Three-dimensional
structure of poliovirus at 2.9 Å resolution. Science 229, 1358–1365.
uang, C. C., Petterson, E. F., Klein, T. E., Ferrin, T. E., and Langridge, R.
(1991). Conic: a fast renderer for space-filling molecules with shad-
ows. J. Mol. Graph. 9, 230–236.
ohnson, J. E. (1978). Averaging of electron density map. Acta Crystal-
logr. B 34, 575–577.
ohnson, J. E., Akimoto, T., Suck, D., Rayment, I., and Rossmann, M. G.
(1976). The structure of southern bean mosaic virus at 22.5 Å reso-
lution. Virology 75, 394–400.
ohnson, J. E., and Harrington, M. (1985). Antibody binding to cowpea
mosaic virus in the crystalline state. In “The Immune Recognition of
Protein Antigens” (W. Laver, and G. Air, Eds.), pp.169–173. Cold Spring
Harbor Press, Cold Spring Harbor, NY.
ohnson, J. E., and Hollingshead, C. (1981). Crystallographic studies of
cowpea mosaic virus by electron microscopy and X-ray diffraction. J.
Ultrastruct. Res. 74, 223–231.
ohnson, K. E., and Christian, P. D. (1998). The novel genome organi-
zation of the insect picorna-like virus Drosophila C virus suggests
this virus belongs to a previously undescribed virus family. J. Gen.
Virol. 79, 191–203.
ones, T. A., and Kjeldgaard, M. (1997). Electron density map interpre-
tation. Methods Enzymol. 277, 173–208.
ones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard, M. (1991). Improved
methods for building protein models in electron density maps and
the location of errors in these models. Acta Crystallogr. A 47, 110–
119.
absch, W., and Sander, S. (1983). Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 22, 2577–2637.
raulis, P. J. (1991). MOLSCRIPT: a program to produce both detailed
and schematic plots of protein structures. J. Appl. Crystallogr. 24,
946–950.
ridl, J. C., and Bruening, G. (1983). Comparison of capsids and nucleo-
capsids from cowpea mosaic virus-infected cowpea protoplasts and
seedlings. Virology 129, 369–380.
askowski, R. W., MacArthur, M. W., Moss, D. S., and Thornton, J. M.
(1993). PROCHECK: a program to check the stereochemical quality of
protein structures. J. Appl. Crystallogr. 26, 345–364.
ewis, J. K., Bothner, B., Smith, T. J., and Siuzdak, G. (1998). Antiviral
agent blocks breathing of the common cold virus. Proc. Natl. Acad.
Sci. USA 95, 6774–6778.
omonossoff, G. P., and Johnson, J. E. (1991). The synthesis and struc-
ture of comovirus capsids. Prog. Biophys. Mol. Biol. 55, 107–137.
LN
P
R
R
R
R
R
R
R
S
S
S
S
S
S
S
S
S
T
T
T
U
v
V
W
W
34 LIN ET AL.omonossoff, G. P., and Shanks, M. (1983). The nucleotide sequence of
cowpea mosaic virus B RNA. EMBO J. 2, 2253–2258.
atarajan, P., and Johnson, J. E. (1998). Molecular packing in virus
crystals: geometry, chemistry, and biology. J. Struct. Biol. 121, 295–
305.
orta, C., Wang, G., Cheng, H., Chen, Z., Baker, T. S., and Johnson, J. E.
(1994). Direct imaging of interactions between an icosahedral virus
and conjugate F(ab) fragments by cryoelectron microscopy and X-ray
crystallography. Virology 204, 777–788.
ossmann, M. G. (1979). Processing oscillation diffraction data for very
large unit cells with an automatic convolution technique and profile
fitting. J. Appl. Crystallogr. 12, 225–238.
ossmann, M. G. (1989). The canyon hypothesis: hiding the host cell
receptor attachment site on a viral surface from immune surveil-
lance. J. Biol. Chem. 264, 14587–14590.
ossmann, M. G., Arnold, E., Erickson, J. W., Frankenberger, E. A.,
Griffith, J. P., Hecht, H.-J., Johnson, J. E., Kamer, G., Luo, M., Mosser,
A. G., Ruecker, R. R., Sherry, B., and Vriend, G. (1985). Structure of a
human common cold virus and functional relationship to the other
picornaviruses. Nature 317, 145–153.
ossmann, M. G., and Blow, D. M. (1962). The detection of sub-units
within the crystallographic asymmetric unit. Acta Crystallogr. C 15,
24–30.
ossmann, M. G., and Johnson, J. E. (1989). Icosahedral RNA virus
structure. Ann. Rev. Biochem. 58, 533–573.
ossmann, M. G., Leslie, A. G. W., Abdel-Meguid, S. S., and Tsukihara,
T. (1979). Processing and post-refinement of oscillation camera data.
J. Appl. Crystallogr. 12, 570–581.
uecker, R. R. (1985). Picornaviruses and their replication. In “Virology”
(B. N. Fields, Ed.), pp. 705–738. Raven Press, New York.
chmidt, T., Johnson, J. E., and Phillips, W. E. (1983). The spherically
averaged structures of cowpea mosaic virus components by X-ray
solution scattering. Virology 127, 65–73.
ehgal, O. P. (1995). Sobemoviruses. In “Pathogenesis and Host Spec-
ificity in Plant Disease: Histopathological, Biochemical, Genetic, and
Molecular Bases” (P. R. Singh, U. S. Singh, and K. Kohomta, Eds.), pp.
115–128. Pergamon, U.K.
iler, D. J., Babcock, J., and Bruening, G. (1976). Electrophoretic mobility
and enhanced infectivity of a mutant cowpea mosaic virus. Virology
71, 560–567.
ilva, A. M., and Rossmann, M. G. (1987). Refined structure of southern
bean mosaic virus at 2.9Å resolution. J. Mol. Biol. 197, 69–87.mith, T. J., and Baker, T. (1999). Picornaviruses: epitopes, canyons, and
pockets. Adv. Virus Res. 52, 1–23.
mith, T. J., Chase, E. S., Schmidt, T. J., Olson, N. H., and Baker, T. S.
(1996). Neutralizing antibody to human rhinovirus 14 penetrates the
receptor-binding canyon. Nature 383, 350–354.
mith, T. J., Kremer, M. J., Luo, M., Vriend, G., Arnold, E., Kamer, G.,
Rossmann, M. G., McKinlay, M. A., Diana, G. D., and Otto, M. J. (1986).
The site of attachment in human rhinovirus 14 for antiviral agents that
inhibit uncoating. Science 233, 1286–1293.
peir, J. A., Munshi, S., Wang, G., Baker, T. S., and Johnson, J. E. (1995).
Structure of the native and swollen forms of cowpea chlorotic mottle
virus determined by X-ray crystallography and cryo-electron micros-
copy. Structure 3, 63–78.
tauffacher, C. V., Usha, R., Harrington, M., Schmidt, T., Hosur, M., and
Johnson, J. E. (1987). The structure of cowpea mosaic virus at 3.5Å
resolution. In “Crystallography in Molecular Biology” (D. Moras, J.
Drenth, B. Strandberg, D. Suck, and K. Wilson, Eds.), pp. 293–308.
Plenum, New York.
ate, J. G., Liljas, L., Scotti, P., Christian, P., Lin, T., and Johnson, J. E.
(1999). The crystal structure of cricket paralysis virus provides the
first view of a new virus family. Nat. Struct. Biol. 6, 765–774.
ong, L., and Rossmann, M. G. (1990). The locked rotation function. Acta
Crystallogr. A 46, 783–792.
ong, L., and Rossmann, M. G. (1997). Rotation function calculation with
GLRF program. Methods Enzymol. 276, 594–611.
sha, R., Johnson, J., Moras, D., Thierry, J., Fourme, R., and Kahn, R.
(1984). Macromolecular crystallography with synchrotron radiation:
collection and processing data from crystals with a very large unit
cell. J. Appl. Crystallogr. 17, 147–153.
an Wezenbeek, P., Verver, J., Harmsen, J., Vos, P., and van Kammen, A.
(1983). Primary structure and gene organization of the middle com-
ponent RNA of cowpea mosaic virus. EMBO J. 2, 941–946.
irudachalam, R., Harrington, M., Johnson, J. E., and Markley, J. L.
(1985). 1H, 13C, and 31P nuclear magnetic resonance studies of cow-
pea mosaic virus B-RNA: detection and exchange of polyamines and
dynamics of the RNA. Virology 141, 43–50.
ang, G. J., Porta, C., Chen, Z. G., Baker, T. S., and Johnson, J. E. (1992).
Identification of a Fab interaction footprint site on an icosahedral
virus by cryoelectron and X-ray crystallography. Nature 355, 275–
278.
hite, J. M., and Johnson, J. E. (1980). Crystalline cowpea mosaic virus.
Virology 101, 319–324.
